Imaging technologies, such as intrinsic optical imaging (IOI), functional magnetic resonance imaging (fMRI) or multiphoton microscopy provide excellent opportunities to study the relationship between functional signals recorded from a cortical area and the underlying anatomical structure. This, in turn, requires accurate alignment of the recorded functional imaging data with histological datasets from the imaged tissue obtained after the functional experiment. This alignment is complicated by distortions of the tissue which naturally occur during histological treatment, and is particularly difficult to achieve over large cortical areas, such as primate visual areas. We present here a method that uses IOI vessel maps revealed in the time course of the intrinsic signal, in combination with vascular casts and vascular lumen labeling techniques together with a pseudo three dimensional (p3D) reconstruction of the tissue architecture in order to facilitate alignment of IOI data with posthoc histological datasets. We demonstrate that by such a multimodal vessel mapping approach, we are able to constitute a hook in anatomicalfunctional data alignment that enables the accurate assignment of functional signals over large cortical regions. As an example, we present precise alignments of IOI responses showing orientation selectivity of primate V1 with anatomical sections stained for cytochrome-oxidase-reactivity.
a b s t r a c t
Imaging technologies, such as intrinsic optical imaging (IOI), functional magnetic resonance imaging (fMRI) or multiphoton microscopy provide excellent opportunities to study the relationship between functional signals recorded from a cortical area and the underlying anatomical structure. This, in turn, requires accurate alignment of the recorded functional imaging data with histological datasets from the imaged tissue obtained after the functional experiment. This alignment is complicated by distortions of the tissue which naturally occur during histological treatment, and is particularly difficult to achieve over large cortical areas, such as primate visual areas. We present here a method that uses IOI vessel maps revealed in the time course of the intrinsic signal, in combination with vascular casts and vascular lumen labeling techniques together with a pseudo three dimensional (p3D) reconstruction of the tissue architecture in order to facilitate alignment of IOI data with posthoc histological datasets. We demonstrate that by such a multimodal vessel mapping approach, we are able to constitute a hook in anatomicalfunctional data alignment that enables the accurate assignment of functional signals over large cortical regions. As an example, we present precise alignments of IOI responses showing orientation selectivity of primate V1 with anatomical sections stained for cytochrome-oxidase-reactivity.
Introduction
Understanding the relation between functional and structural properties of the cortex relies strongly on the accuracy of the alignment of functional data, recorded in in vivo experiments, and the cortical architecture. In the case of comparative intrinsic-opticalimaging (IOI) studies, this requires correlation of intrinsic signal maps with histologically processed parts of the cortex. This is an exceedingly difficult task, since two major challenges have to be overcome: first, one needs to make an accurate three dimensional reconstruction of the histological sample from serially cut sections, and second, one needs to align the obtained reconstruction to the intrinsic signal maps.
Hence, it might not be surprising that a number of reports on the visual cortex show discrepancies in their findings on the spatial relationships between singularities found in functional orientation preference maps called pinwheels (Blasdel and Salama, 1986; Bonhoeffer and Grinvald, 1991; Swindale et al., 1987) and patches of higher enzymatic reactivity in histochemical stains for cytochrome oxidase (CytOx). In some of these studies, such patches -commonly referred to as blobs (Carroll and Wong-Riley, 1984; Horton and Hubel, 1981; Livingstone and Hubel, 1982) -and the center of pinwheels were found not to coincide, whereas, others draw the conclusion founded on a statistical error analysis of the IOI signal, that due to the discussed spatial resolution of optical imaging a co-localization of these singularities remains an admissible hypothesis (Polimeni et al., 2005) , see also review by Adams and Horton (2009) .
There are a number of technical and methodological obstacles that hinder efforts at resolving this example discrepancy (Adams and Horton, 2009) . One key issue is the accuracy with which responsive regions in intrinsic imaging maps can be identified. The spatial accuracy of IOI signals and the subsequent informative value of orientation maps are determined primarily by the sensitivity and resolution of the camera system. The computational requirements for processing large data volumes such as those generated by intrinsic imaging has previously been a complicating factor, however, the rapid development of fast processors, large convenient to use data storage devices and increased availability of user-friendly computer scripting languages has substantially increased the scope for analysis of imaging data. Improvements in camera and computer technology have also resulted in a progressive reduction in the use of spatial and temporal binning of IOI data. Simultaneous with technological improvements, development of alternative stimulus paradigms (Kalatsky and Stryker, 2003; Mrsic-Flogel et al., 2003) , improvements of chamber design (Arieli and Grinvald, 2002; Chen et al., 2002) , and altered anesthetic or drug protocols (Bourne and Rosa, 2003; Pattinson et al., 2006) , have all improved the quality of IOI data in a variety of animal preparations (see also Zepeda et al., 2004) .
In contrast to the advances in intrinsic imaging technology and methodology, the improvements in histological processing methodologies have been somewhat slower. In fact, techniques for processing previously recorded cortical regions with the aim of investigating relationships between functional signals and cytoarchitectural properties of the brain (e.g. CytOx-densities) have not changed much in the last decades. The quality of alignments is critically influenced by distortions of the tissue which occur during histological processing, as well as by the curvature of the cortex, which is particularly problematic in preparations where the tissue needs to be cut parallel to the cortical layering. This restricts highly precise assignments to small cortical regions. However, the accuracy of histological alignment is as crucial to consider when dealing with spatial accuracies, as the correct data filtering might be in case of pinwheel positions and densities (Macke et al., 2011; Polimeni et al., 2005) .
In most optical imaging experiments high resolution green images image of cortical surface illuminated with light at 540 nm wavelength (Bonhoeffer and Grinvald, 1991) of the surface vasculature are used with the goal of aligning functional datasets to histological preparations by finding similarities between the vascular image and the pattern of cross sections of vertical vessels in tangential sections (Kaskan et al., 2007; Lu and Roe, 2008; Roe et al., 2005; Xu et al., 2004) . In some cases lesions and/or dye marks are used for further alignment support (Bartfeld and Grinvald, 1992; Landisman and Ts'o, 2002; . For ease of histological preparation the flat mount technique (Horton and Hocking, 1996) was adopted in numerous optical imaging studies, even though the use of flat mounts in such studies compromises the accuracy of the alignment. By flat mounting part of a cortex, its physiological shape -as it is present in the in vivo conditions of functional recordings -is transformed in a rather erratic way. Flat mounts are suitable for cutting sections in parallel to the layers but more spatial inaccuracies are introduced to the alignment -in addition to the statistical error of the IOI signal, in all cases where no attention is paid to the cortical curvature and the resulting radial orientation of vasculature and columnar structures such as orientation columns or CytOx-blobs within the imaged tissue.
Recent developments on the basis of vascular lumen casts with fluorescence labeled hydro gels (Tsai et al., 2009 ) allow methodological approaches that facilitate 3 dimensional (3D) reconstructions of the cortical tissue. This becomes technically feasible due to the increased visibility of the cortical vasculature. We tested such an approach for its practicability and its advantages for precise alignments of large cortical areas. We describe a technique for pseudo 3D (p3D) reconstruction made from a series of tangential sections of the imaged part of the cortex, which avoids the need for flat mount histology thus bypassing one of the methodological sources of tissue distortions.
Our recent findings (Valverde Salzmann et al., 2011) demonstrate this method to be of particular use for facilitating the alignment of volumetric datasets of ultra high field MRI to histological preparations. There, contrast agents based on gadolinium, or iron oxide particles were added to the casting medium to improve the visibility of the vasculature in the data.
The dense vascular net of the cortical surface, and its richness of topological detail revealed by the vascular cast was found to be of excellent value to counteract the problem of tissue distortions during histological procedures. It emerged that an image of this vascular cast is particularly suitable to serve as an exact template of the physiological shape. By this a well-founded correction of distortions can be achieved and thus the accurate alignment of histological section to each other and the alignment of functional maps to the cortical architecture are considerably facilitated.
Therefore, we introduce here a new methodological approach for an accurate alignment of functional data, such as IOI maps, to histological preparations over large cortical areas. This approach combines: (a) a processing technique for visualization of vascular surface patterns in IOI data, (b) a preparation technique for microscopic visualization and histological stabilization of the lumen of the superficial cortical vasculature; (c) a computational approach for precise p3D reconstruction of the imaged tissue architecture, and (d) the registration of the histological datasets to optical imaging data by the use of a high resolution image of the vascular net of the cortical surface.
We demonstrate that the proposed method enables highly accurate alignments in combined functional histological investigations. The statistical error of the common alignment procedure where the green image and vessel cross sections in histological preparations are correlated was measured. A mean displacement error for the position of cortical landmarks in the anterior-posterior and mediallateral plane of 360.03 ± 286.77 m and 161.10 ± 118.84 m was found. The presented approach minimizes this error.
Hence, we suggest that this method fills a gap in the conventional data processing methodology and offers a new tool to ensure a high degree of accuracy in neurophysiological alignments.
Material and methods

Animals
Five adult Marmosets (Callithrix jacchus jacchus) were used for this study (as part of a more extended optical imaging study on the visual system). In 3 of the five marmosets a p3D reconstruction of the imaged visual regions was done and the two of these reconstructions were used to calculate the alignment error. Red and green light IOI vessel maps were obtained from all animals. Due to their small, lissencephalic brains, Marmosets are a useful model for combined investigations on neuroanatomic-functional relations of the visual system of primates. The small brain size allows investigation of cortical areas over their entire extent and even make it possible to image several neighboring areas at the same time without being hindered by gyrifications, as it is the case, for example, in visual area V2 of macaque monkeys. The small brains also allow serial sectioning of whole lobes, hemispheres or the entire brain without ending up with an innumerable number of sections. All surgical and experimental procedures were approved by the local authorities (Regierungspraesidium) and are in full compliance with the directive of the European community for the protection of animals used for experimental and other scientific purposes (86/609/EEC). The animals (400-550 g) were kept in pairs in enriched climatised cages of up to 6 m 3 in size and received water ad libitum and daily fresh and changing fruits, vegetables, Arabic gum (Marmoset gum, Mazuri Europe, England), marmoset pellets (Mini Marex, Mazuri Europe) and animal proteins in form of eggs, locusts, mealworms.
Surgery, anesthesia
As a general guide line to the preparation of marmosets we oriented on the work of Bourne and Rosa (2003) . The food of the animals was withdrawn on the evening before the day of the experiment. One hour prior to surgery the animals were transferred into a climatised handling box, received an intramuscular injection of atropine (Atropine sulfate 0.1 mg/kg, B. Braun Mel-sungen, Melsungen, Germany) and diazepam (Diazepam 2 mg/kg, ratiopharm, Ulm, Germany). Anesthesia was induced using 4-5% Sevofluran (Sevorane, ABBOTT, IL, USA) in 100% medical O 2 introduced directly into the handling box until the animals became unconscious and could be transferred to the preparation desk. A custom made facemask was used for the ongoing administration of 4-5% Sevofluran in 100% O 2 . The animals were then placed on a water flushed silicone gel pad and covered with a heated blanket both of which were connected to a software controlled thermostat (MC-4, Julabo Labortechnik, Seelbach, Germany) in order to ensure control of the animal body temperature. Temperature loss in marmosets is critical, therefore the body temperature was constantly kept at 37-38 • C. From that point on the ECG (150-250 bpm), S p O 2 (98-100%) and rectal body temperature, as well as depth of anesthesia were monitored continuously. 0.1 ml Finadyne 1% (Flunixin, Essex Tierarznei, Munich, Germany) was injected intramuscularly for general analgesia. Dexamethason (Voren-Depot 0.3 mg/kg, Boehringer Ingelheim, Germany) was administered 30 min before craniotomy to counteract cerebral edema. VitaminK1 (Konakion MM 2 mg/kg, Roche Basel, Switzerland) was given to counteract bleeding during surgery, and penicillin (Veracin compositum, Procain penicillin 25 mg/kg, Albrecht, Aulendorf, Germany) was administered to provide antibiosis. A 26G intravenous catheter was placed into the femoral vein by which a constant infusion of electrolytes Amynin (Merial, Hallbergmoos, Germany): Jonosteril (Fresenius Kabi, Homburg, Germany) (ratio 1: 2) was given systemically at 1.5 ml per hour. All incision sites of the later Tracheotomy and Craniotomy were pretreated with Lidocain-HCL (2%, B. Braun Melsungen) injections. Noxious stimuli were used to ensure appropriate anesthetical depth. When animals reacted by an increase in heart rate or nociceptive reflex the concentrations of Sevofluran were adapted.
Tracheotomy and craniotomy
A tracheotomy was performed and the animal was artificially respirated at 38-45 strokes/min through a modified siliconised endotracheal tube with a diameter of 2.5 mm (Rüschelit, Rüsch Teleflex medical, Kernen, Germany). The mixture of the anesthetic gas was changed to 4-5% Sevofluran in 70:30 Air:O 2 . Monitoring of end tidal pCO 2 (kept at 34 ± 2%) started after implantation of the endotracheal tube. The pCO 2 level was adjusted by either changing respiration rate or stroke volume. Remifentanil (Ultiva, GlaxoSmithKline, Munich, Germany) at 0.06-0.1 g/kg/min as a secondary anesthetic agent and Mivacuriumchlorid (Mivacron, GlaxoSmithKline) at 1 mg/kg/h for muscle relaxation were added to the intravenous infusion after the intubation. The rate of Sevofluran was reduced to 2-4% after the infusion of Remifentanil started to take effect. EEG electrodes where applied prior to craniotomy. For this purpose, holes of a diameter of 1 mm were drilled into the skull over the left frontal lobe and the right occipital lobe in order to connect custom made drop-shaped tips of silver wire electrodes directly to the dural tissue. A craniotomy of approximately 10 × 10 mm was performed over visual areas V1 and V2. The Dura mater remained intact and was constantly flushed with warmed (37 • C) saline during craniotomy and chamber installation. The chamber was filled with 6% agarose gel (Type VII Sigma-Aldrich Chemie, Munich, Germany).
Preparation for experimental conditions
For the experimental conditions, the rate of Sevofluran was carefully reduced to 0.5-1.5%. Atropine eye drops (Atropin, EDO, Bausch & Lomb, Berlin, Germany) were used to dilate the pupils. Vidisic eye gel (Bausch & Lomb) was used to protect the eyes. Animals were refracted to screen distance using an infrared video refractor (Livingstone and Hubel, 1984; Schaeffel et al., 1994; Troilo et al., 2007) and clear PMMA lenses (Soflex Israels Contact Lenses Ltd., Misgav, Israel). The eyes were moistened after each stimulus block. The hind-and forelimbs of the animals where massaged in regular intervals of 2 h and lungs were hyperinflated every hour. The combination of a volatile anesthetic agent and opioids allowed us to keep the concentration of Sevofluran at a low level (Yoshioka and Dow, 1996) during the experimental conditions while the animal stayed in an anesthetic depth that assured adequate analgesia, sedation and hypnosis, as indicated by constant low heart rate levels (150-250 bpm) and an EEG level typical for anesthetic level three. According to our experience long term anesthesia with Sevofluran results in fewer complications than the usage of Isofluran does.
Optical imaging
We used a Dalsa 1M60 Pantera camera with a tandem lens system (Ratzlaff and Grinvald, 1991) in combination with the Imager 3001 (Optical Imaging Inc.) system for recording the intrinsic signal induced by visual stimulation. Images of the cortical reflectance changes were taken at 60 Hz. Clear access to the skull for surgical and functional imaging procedures was achieved using a custom made stereotactic device (see Fig. 1(B-F) ). This device preserved a free field of view onto the stimulus screen and provided adequate stabilization against physiological motion artifacts. For illumination of the cortex, two 40 mm custom made plastic ring lights were used, each equipped with 6 red LEDs (Spektra measured with a Konica/Minolta CS1000 Spectrometer; peak wavelength (pw): 634 nm, Nichia 5 mm LED NSPR510CS, Lumitronix LED-Technik, Hechingen, Germany) or 6 green LEDs (pw: 525 nm Nichia 5 mm LED NSPG510AS, Lumitronix LED-Technik) radially arranged to illuminate the central area of the ring ( Fig. 1(D) ). The ring lights were plugged on to the custom built optical chamber providing an immediate homogeneous illumination of the cortical surface. The chamber consisted of a 20 mm titanium cylinder that was held in place for angular fine adjustments to the cortical surface by two mechanical arms attached to the stereotactic device. The chamber was additionally glued to the skull with dental acrylic (Revolution Formula 2, Kerr, Sybron Dental Specialties Inc, CA, USA). After the craniotomy the chamber was filled with agarose gel and sealed with a 5 mm thick clear plastic inlay that stabilized the cortical surface against motions induced by respiration and cardiovascular pulses. The chamber provided a simultaneous view of both primary and secondary visual areas. The focus of the camera was adjusted to a depth of approximately 300 m below the apex of the cortical surface under red light illumination.
Visual stimulation and data recording
We used binocular stimuli consisting of full screen square wave gratings of 1.2 cycles per degree moving back and forth at 2 Hz per degree, orthogonally to stimulus orientation, on a 24 LCD screen (Belinea o.display 4.1; checked for flicker frequencies (Logothetis et al., 2009 ) and gamma corrected, Belinea, Wittmund, Germany) placed 50 cm in front of eyes of the animal. The screen spanned 55 • horizontal × 37.5 • vertical of the animal's central field of view. Reflectance changes were recorded at 60 Hz. Temporal binning was applied, resulting in a reduction of the raw frame rate to 5 Hz. Six orientations and a blank condition were presented randomly in 40 trials in a first block under red light illumination. A second block of the same set of stimuli were presented in 20 trials under green light illumination. The blank condition, as well as the interstimulus phases consisted of a gray screen adjusted in luminance to the mean luminance of the grating stimuli, calibrated by using a Konica Minolta LS100 luminance meter. All trials of each single condition were averaged. Thus, each stimulus condition showed the time course of the mean reflectance changes of 40 stimulations over 50 frames under red light conditions, or 20 stimulations over On top of the sagittal slice a schematic drawing of the beam path of an IOI camera is shown that is centered on the primary visual area, as it is the case in typical IOI experiments. The cortical curvature within the visual area is traced in red and the angle of the curvature is indicated by the label (r). The red angle gives an impression of the spreading of the angular orientation of radial structures within a ROI. We added a sketch of the cutting plane to illustrate the necessity of a precise adjustment of the cutting plane to the imaging plane if an accurate alignment is intended. The same applies for the adjustment of the scanning plane of the microscope to the focal plane of the IOI camera. (B) Top view and (C), lateral view of the custom made stereotactic apparatus. The lower macroscope lens (tls) of the optical imaging camera is shown in the upper right part of the image to illustrate the arrangement of the imaging system and stereotactic apparatus during experimental conditions. The animals head is fixated using ear bars (eb) a forehead button (fb) and a palatal bite bar (bb). Two mechanical arms (ar) fixate the optical chamber (c) over the visual cortex region and allow to adjust the angle of the chamber plane prior to the final attachment with dental acrylic. D, the assembled chamber made of titanium and stainless steel is shown below. It is made up of a base ring (br) with two wings by which it can be connected to the mechanical arms. The base ring is glued to the skull before craniotomy. The main cylinder (mc) is screwed on the base ring. A tube connector (tc) allows to inject either agarose or silicone oil into the assembled chamber. A screw (bs) on the upper part of the mc enables a controlled removal of air. A transparent polyacryl inlay/lens (ls) is placed inside the mc. The clamp ring (ri) locks the lens. The lens can be removed easily for the replacement of agarose or medical treatment of the underlying tissue. The ring light (r) shown in D contains 6 × 5 mm LEDs (see Section 2 for details). The axes of the LEDs target the center region of the ring in an angle of 45 degree. During experimental conditions the back part of the LEDs is covered with black tape. An adapter on the lower side of the ring light allows a tight connection to the collar of the main cylinder. Scale bar 1 cm. Complete view of the stereotactic apparatus in E, with mounted ring light (see also C) and without ring light in F.
50 frames under green light conditions. Stimuli were presented for 4 s, 2 s after frame recording started. Interstimulus intervals ranged between 13 and 15 s.
IOI data processing
IOI data processing was carried out using custom written scripts executed in Matlab (The MathWorks, Inc., MA, USA). Image processing was done pixel wise in all cases. Map calculations and filtering were based on protocols of single frame map calculation as published by Lu and Roe (2007) . In order to preserve the development of the intrinsic signal over time, we calculated single conditions maps and differential maps for all relevant frames (46 of 50) of the raw data. Single condition maps were calculated by applying a frame zero subtraction (Bonhoeffer and Grinvald, 1996) . The frame zero for each condition was calculated by averaging the six frames prior to stimulus onset. Before subtraction, a sliding 7-frame temporal binning procedure was applied to further enhance the images: the relevant frames (fr n>3. . .n<46 ) in the raw data time series and their corresponding 6 nearest neighbor frames [fr n−3. . . fr n. . . fr n+3 ] were averaged. The frame zero was then subtracted from each of the resulting 46 mean frames. To normalize the optical reflectance changes the fractional changes ( R/R) were calculated by dividing each mean frame by the frame zero, as described by Lu and Roe (2007) . Each map of the resulting series was then filtered by a Gaussian filter (5 × 5 × 2 pixel kernel) and a reduction of low frequency noise was carried out by applying a circular mean filter (100 pixel diameter) to the map and subtracting the filter result from the map, as described elsewhere . Differential maps of every stimulus condition were calculated by subtracting each frame of one "orientation" condition from the corresponding frame of its orthogonal stimulus condition. To increase the contrast of the differential maps we set a threshold level of ±2% for clipping the pixel intensities. Orientation preference maps were created using the weighted vector averaging approach (Macke et al., 2011) which was applied to all corresponding frames of the 6 single condition map series. Usually, the frames that corresponded to the time point of the peak of the initial dip revealed the strongest maps and were used in the present study.
IOI vessel maps
The late frames of the single condition map series in red and green light conditions show highly branched macrovascular structures. In both conditions, frame 43 exhibited the surface pattern most clearly and was extracted. This was done before filtering was applied to single condition maps. The 2 unfiltered frames were then averaged in order to produce a mean vessel map containing both macrovascular components. In the following text, this map will be referred to as the IOI vessel map. Furthermore, the time course of the intrinsic signal was calculated to correlate the appearance of the vascular pattern and the state of the intrinsic response.
Perfusion
One day in advance 30 ml of a 3% gelatin (porcine skin gelatin, Sigma-Aldrich) in 0.1 M Phosphate Buffer (PB) solution containing 300 mg of FITC-labeled albumin (A9771-1G Albumin, Fluorescein isothiocyanate conjugate bovine, Sigma-Aldrich) was prepared, following largely the procedure by Tsai et al. (2009) . The solution was stored at 42 • C to remain in liquid phase until perfusion.
Initializing perfusion in marmosets
At the end of data acquisition the anesthetic depth of the animals was increased by raising the concentration of Sevofluran to 5%. Remifentanil infusion was increased to 0.5 g/kg/min. 0.5 ml Heparin (Heparin-Natrium-25000, ratiopharm) followed by a lethal dose of pentobarbital (1.5 ml Narcoren 160 mg/ml) injected intracardially.
Vascular cast
During perfusion a silicone gel pad preheated to 40 • C kept the body temperature of the animal at 36-38 • C to avoid an early curing of the gelatin that would prevent the complete filling of the vascular system. All perfusion solutions were preheated to 42 • C and infused into the vascular system of the animal using a peristaltic pump (Reglo digital, ismatec, Wertheim-Mondfeld, Germany) at 23 ml/min flow rate and a 15G stainless steel feeding needle as intracardiac catheter. While flowing through the perfusion tubing system the temperature of the solutions dropped to 37 ± 1 • C (measured at the position of the intracardiac catheter). At first 100 ml to 150 ml of phosphate buffer (PB) (0.1 M) were perfused until the reflux out of the right atrium was clear. During that time the caudal vena cava and abdominal aorta were clamped 1 cm to 2 cm caudal to the heart. Three hundred milliliters of 4% buffered paraformaldehyde (Roti-Histofix, Carl Roth, Karlsruhe, Germany) (PFA) followed the primary perfusion. An additional volume of 100 ml PB was used afterwards to flush the remaining PFA out of the vascular system. Following the additional PB perfusion, 30 ml of the labeled gelatin solution were perfused and the vena cava superior and ascending aorta were clamped to maintain the intrinsic pressure inside the perfused vessels. The body was stored in this way in iced water for 4 h, after which the brain was removed and post fixed in 4% PFA for 1 h.
2.5. Histology 2.5.1. Brain block preparation for microscopic scanning of the superficial vessels
We blocked the marmoset visual cortex, fixed the block with a few milliliter of agarose (low melt agarose, Carl Roth) 4% at 20 • C at the bottom of a small transparent petri dish (55 × 15 mm, N224.2, Carl Roth, Karlsruhe, Germany). Before curing of the agarose we adjusted the orientation of the block in such a way that the central region of the cortical surface that had been recorded with the optical imaging system was oriented upwards. Then the petri dish was partly covered with a glass slide (microscope cover glass, 60 × 24 mm) that was laid on the edges of the petri dish. Due to the gelatin filling the large surface vessel trees of the cortical surface are visible by naked eye. The large vessel structures as seen in the central region of the IOI vessel maps were identified in the vascular pattern seen on the surface of the blocked brain. The apex of this small region was allowed to touch the glass slide from below. The orientation of the block was then fine adjusted to ensure a parallel orientation of the imaged region and the glass slide by using a stereo microscope at low magnification (10×) and the vascular surface pattern. The brain block was then finally fixed with a few more drops of low melt agarose such that the lower half of the block was completely embedded. The dish was then filled up to the edge with PB to prevent the tissue from drying. Embedded and fixed in such a way the block was placed under the microscope. Thus the imaged cortex region was oriented parallel to the bottom of the petri dish and hence parallel to the plane of the stage of the microscope. We thus ensured that the angular relation between the imaged central region of V1 and the microscope objective matched the angular relation between central V1 and the optical axis of the IOI camera as closely as possible. The cortical surface was then scanned under the microscope (see Section 2.6.1). The embedding of the block in agarose prevented motion artifacts due to the scanning movements of the motorized stage. For cryoprotection, the block -still embedded in agarose -was then transferred to 30% sucrose in 0.1 M PB until it sank.
Cutting, staining and embedding
The agarose socket of the brain block allowed a quick and precise adjustment of the block on the stage of the freezing microtome. The lower half of the block was then covered with a liquid embedding medium (Tissue-Tek, Sakura Finetek, Staufen, Germany) and cooled to −25 • C. We avoided covering the imaged region with embedding medium in order that the vascular pattern was still visible when the tissue block had frozen. The cutting plane of the freezing microtome was adjusted to fit the orientation of the freezing stage and thus the focal plane of the optical imaging. Again the vascular structure on the apex of the imaged region was used to check the correct orientation of the brain block before cutting. Depending on the curvature of the cortex within the ROI, the thickness of the first section was chosen to be either 100 m or 140 m in thickness in order to create a rather large section containing more vessel tree segments for ease of alignment. All subsequent sections were cut at 100 m thickness. We stopped the cutting procedure at a depth at which the white matter started to fill large parts of the center of the sections. The sections were rinsed three times in 0.1 M PB for 5 min and stained for CytOx modified from (Wong-Riley, 1979) at room temperature until the typical CytOx pattern of the visual areas became clearly visible. The sections were then rinsed three times in 0.1 M PB for 5 min to terminate enzymatic CytOx reactions, mounted on glass slides and covered immediately. We minimized drying of the tissue and used an aqueous mounting medium (Fluorsave Reagent, Merck, Darmstadt, Germany) for embedding the sections. Particular care was taken to minimize tissue distortions during mounting and covering of sections. Specimens were then dried for a few hours. When data acquisition was carried out the embedding medium tended to be still in liquid phase, but was cured at the glass slide edges which ensured a proper sealing of the specimen. Thus, compression of the sections was minimized.
2.6. Microscopy 2.6.1. FITC vessel maps of the cortical surface vasculature A stack of images of the FITC labeled vessels on the entire surface of the block was acquired using a 5× objective (Neofluar, Zeiss, Goettingen, Germany) mounted on an AxioImager.Z1 microscope (Zeiss) equipped with a motorized XYZ-stage and the mosaiX module of the AxionVision software (Zeiss). Mosaic image stacks with a z-step of 100 m were acquired starting at the apex of the specimen. Single mosaic images consisted of around 11 × 7 tiles, with single tiles being acquired at 16-bit resolution and being 1300 × 1000 pixels with a tile overlap of 10% for tile stitching. The resulting mosaic image sizes were up to 11,000 × 8500 pixels. Individual stacks consisted of up to 15 mosaic images. This process ensured that even vessel structures of the strongly curved border regions were scanned. All images of the stack were averaged to produce a mean image containing a sharply mapped projection of the whole surface vasculature of the brain block. By such a projection method we took the curvature and inhomogeneities of the cortex into account. The mean stack image will be referred to from here on as the FITC vessel map. We used the AxioVision software to measure the ratio of micrometers per pixel of the FITC vessel map, thus providing the scale factor needed for the measurements of the size of the displacement error (see Section 3.4). We took the later image size reduction (see Section 2.6.3.1) into account and the scale factor was adjusted according to the rate of the reduction. The adjustment of the scale factor was verified by comparing the pixel dimensions of prominent vessel structures before and after the image size reduction.
Scanning of histological sections
All collected sections where double scanned using the AxioVision mosaiX module for FITC fluorescence signal (BrightLine fluorescence filter HC 536/40 nm Semrock, Rochester, NY, USA) and for CytOx density distributions (transmission light). Due to the multichannel mosaic scanning mode the images of the transmission light scans and the images of the corresponding FITC signal matched without discrepancies and were further on handled in pairs.
Image processing for alignment
For the ease of image sorting, prealignment and a later comparison of aligned images the vessel maps and the histological images as well as the IOI maps were loaded into stack files in Adobe Photoshop CS4 (Adobe Systems, DE, USA).
2.6.3.1. General alignment of histological sections, FITC vessel maps and IOI maps. Throughout all prealignments only translational and rotational adjustments were applied. The image pairs of the histological sections were sorted according to their distance from the cortical surface and then prealigned by hand. This was done by fitting together interrupted vessel segments of neighboring sections. In addition, the vessel cross section patterns were used to find the optimal fit of neighboring sections. The vessel segments show up mostly in the border regions of the sections that mainly consist of superficial tissue portions. Distortions in the shapes of the sections are revealed most clearly during this step. A preliminary vessel map of this data was gained by adjusting the alpha channel of all FITC signal images to increase their transparency to 30%. The composition of the vessel pattern revealed in this way was compared to the FITC vessel map described in Section 2.6.1 to enable a more global adjustment of the single section positions. Histological images were reduced by 50% (bicubic sharper algorithm, Photoshop CS4) for ease of subsequent image processing. The size of the IOI vessel maps was then adjusted by eye to match the scale of the histological images. This was done by applying rotational corrections followed by a uniform increase in the size of the maps until an accurate match of the prominent vessel structures in both images was achieved. As many characteristics as could be found in the IOI vessel maps were used to achieve an accurate match over its full size. Usually, we defined more than hundred branching points and vessel end points in this step.
Nonlinear registration 1 of FITC vessel maps to IOI vessel maps.
Image registering was done in Matlab (Matlab 2010a) using the following functions of the image processing toolbox: cpselect to select the control points for the registration, cp2tform and imtransform. In a first step the FITC vessel map was registered to an IOI vessel map. We thereby took account of aberrations within the optical systems of the IOI system and the microscope, as well of slight angular differences of the camera planes that lead to discrepancies of the FITC vessel map and the IOI vessel maps. This was done by using the IOI vessel map as "base" image and the FITC vessel map as "input" image for the cpselect function. We then defined more than hundred characteristics of the vascular net as control or registration points. These points were used as input arguments for the cp2tform function and a piecewise linear or polynomial image transformation algorithm was chosen to infer the spatial transformation of the FITC vessel map. The imtransform function was used to apply this transformation to the FITC vessel map. The result and the base image were then re-loaded into Photoshop and compared by eye for the accuracy of the transformation. Here, a piecewise linear transformation algorithm showed the most accurate result.
2.6.3.3. Nonlinear registration of histological section images to the FITC vessel map. All histological images were then individually registered to the registered FITC vessel map, not to its consecutive neighbor sections as it was done in the prealignment step. This was done following the same protocol as described in Section 2.6.3.2. We defined between 50 and 300 points of spatial coincidence (depending on the size of the section) in each image pair for registration with the FITC vessel map. Such points consisted of branching points, vessel crossing points and vessel end points. Descending vessels were only used when the vessel had a diameter larger than 30 m. In 3 out of 24 sections a piecewise linear algorithm applied to the image pairs showed a more accurate transformation result than a polynomial transformation algorithm.
2.6.3.4. Image stacks for p3D reconstructions. All registered images were then stacked again in a single file in PhotoShop and the accuracy of the alignment was checked. For the visualization of the vascular reconstruction the alpha channel of all FITC signal images was adjusted to increase their transparency to 30%. The background areas of the transmission light images were deleted so that only the sections remained visible. At this point other IOI maps e.g. orientation preference maps were inserted into the stack and adjusted in size to fit the IOI vessel maps. For anatomical-functional comparisons, we superimposed the intrinsic signal maps and the histological reconstruction by simply adjusting the transparency of the maps.
Results
We present below alignments of IOI maps to histological preparations (Fig. 2) in datasets obtained from two marmosets.
Intrinsic optical imaging in marmosets
Applying differential map calculations to the raw data recorded under red light conditions (as described in Section 2.3.2), we observe patterns of reflectance changes showing the columnar organization of orientation responses in areas V1 and V2 (Fig. 2(A) ) described previously by others (Roe et al., 2005; Schiessl and McLoughlin, 2003) .
IOI vessel maps
When we applied a frame zero subtraction on every frame of a single stimulus condition in order to visualize the development of the intrinsic signal over time, we observed an emergence of large macrovasculature structures at the late phase of the initial dip, as it is also reported by others (Vanzetta et al., 2004) . From comparison with the vessel patterns of the FITC vessel maps it was obvious that the revealed structures are representations of cortical surface vessels in the IOI signal (Fig. 2(B and C) ). The structures showed dense ramifications over the entire region of interest which makes them suitable for use as a vessel reference map. In all cases the vascular pattern was most clearly visible at frame 43 of the single condition map series. In 4 of 5 cases this map corresponds to a point in the time course of the intrinsic signal that follows the maximum of the initial dip. In one case shown here (Marmoset 2, see Fig. 3(E) ) the intrinsic response showed a less extended inital dip with a peak response at roughly 3 s after stimulus onset and an early overshoot of the signal. At 5 s after stimulus onset the vasculature started to brighten. At frame 43 the corresponding map showed a bright appearance of the vasculature. Whereas, in all other animals the vessel trees revealed in frame 43 appeared dark (Fig. 3(B) ). The reason for this difference is due to individual shapes of the intrinsic signal time course (see supplementary Figs. 1 and 2) , that might result from the animal's physiological dispositions or an individual sensitivity for anesthetic drug components. A change in reflectance (dark to bright) of the macrovasculature during the time course of the intrinsic signal is typical under red light conditions. In the study by Vanzetta et al. (2004) a single condition map series of the intrinsic signal over time is presented (see their Fig. 3 ) which also shows a change from dark to bright at roughly 5 s after stimulus onset (note that this data was recorded from an awake macaque monkey and that the stimulus duration was 2 s). The time course of the intrinsic signal shows that its mean reflectance change at this point is above the baseline level as it is the case in Marmoset 2. In spite of such differences in reflectance, the vessel patterns revealed at frame 43 were clearly distinguishable from the parenchyma in all cases. Different patterns of the superficial marcovasculature were revealed in the single condition maps of red and green light imaging conditions (Fig. 3) .
IOI vessel maps under red and green light conditions
The patterns of ramification in V1 as revealed during the initial dip of the intrinsic response under red light conditions show typical characteristics of venous trees as they have been reported for rodents (Blinder et al., 2010) and humans (Duvernoy et al., 1981) which indicates that this vessel structures most likely represent the superficial venous vasculature (Fig. 3(B and E) ). Under green light conditions we imaged a vascular component that was only faintly visible or completely invisible under red light conditions (Fig. 3(A  and D) ). These vessel trees showed a strong tendency to form circulatory anastomoses (see also Fig. 4(A) ) that are typical for cortical arterial nets (Blinder et al., 2010; Duvernoy et al., 1981) .
Methodological benefit of the vessel mapping under red and green light
As a standard procedure in IOI recordings intended for a later alignment to histological data a reference-snapshot of the cortical surface vasculature is taken under green light illumination (Bonhoeffer and Grinvald, 1996) . In large primates as macaque monkeys the dura forms a thick non-transparent sheet which is usually removed by the experimenter in order to take the reference green image and to image the intrinsic signal under red light (605-630 nm). As stated by Bonhoeffer and Grinvald (1996) , the opening of the dura in primates can be problematic. Incisions into the dura to provide a large opening carry the danger of bleedings and an increase of the trauma caused by cortical edema. In small animals such as rodents the dura is thin and transparent, so that ideally no removal is necessary for providing a clear view on the cortical surface. The dura of the marmoset is in between those two conditions. In our marmosets, the dura showed a semi-transparent appearance under green light illumination, and in addition dural vessels compromised the view on the cortical vasculature so that the accuracy of the reference green image was degraded. However, in preceding experiments, where the dura was removed, we found the shape of the cortical surface affected, even though care was taken to prevent cerebral edema. Thus, the accuracy of the histological preparation and alignment was compromised. In addition, we experienced the dura to be of significant importance for stable longterm recording of the intrinsic signal. Thus, the two wavelength vessel mapping demonstrated here, offers an alternative method to provide a detailed reference image of the surface vasculature and to bypass above mentioned influences on the quality of alignments. Nevertheless, in all cases where nothing stands against the standard procedure, the usual green image can equally be used as reference for the proposed alignment approach.
FITC vessel maps of the cortical surface vasculature
The images obtained from the mosaic scans of the cortical surface showed a complete filling of the superficial vasculature with the FITC-labeled gelatin (Fig. 4(B) ). The labeling showed a homogeneous distribution in most vessel lumens and strong contrast between vessel structures and parenchyma at the described FITCalbumin concentrations. In this way, we obtained detailed maps of the superficial vasculature of the previously imaged area (Fig. 5) . A fine vascular network can be seen in the FITC vessel map that reveals details up to the capillary level. The prominent vessels of areas V1 and V2 from the IOI vessel maps could be easily recognized within the FITC vessel maps (Fig. 5(A and B) ). In large vessels we observed a zigzag-like inhomogeneity of the fluorescence signal which can be seen in the vessel trees of Fig. 5(B) labeled tr1. We assume that this effect results from an early curing of the gelatin during the perfusion.
Histology
Cutting and embedding
For the histology of the cortical tissue, we chose a rather large section thickness of 100 m, thus such section suffer considerably less from distortions during mounting and embedding than thinner sections. In particular, sections of vascular lumen casts (Fig. 6(A) ) as used in this study show better mechanical handling properties during sectioning and better shape retention while mounting compared to sections of non-casted tissue of previous experiments. Fig. 6(B) gives an impression of the amount of capillary/vascular lumen within the tissue. By filling the lumen with gelatin additional material is added to the tissue and as a consequence of this the tissue density is increased and thus its resistance to deformation is improved.
An equally important modification of the standard staining protocol was to avoid any drying of the sections. Drying is a major source of distortions that results in non-uniform shrinking of the tissue and, in addition, can result in the collapse of the vascular lumen. By the use of a hydrous embedding medium, filling the vascular lumen with gelatin and the immediate data acquisition, 85 -95% of the original section thickness is maintained during the histological processing. Sections that were processed according to the usual staining protocols showed shrinkage in thickness to less than 50%, caused by dehydration of the tissue and the volume reduction of the embedding media during curing.
A drop out of the gelatin filling was observed in cases where large superficial vessel segments crossed the cutting planes of the sections. In most cases we noted the loss only because of the lack of FITC signal structures. However, the shape of the empty vessel lumen was nevertheless preserved in the transmission light images of the CytOx reactivity (Fig. 6 (D) ), so that dropouts of FITC labeled gelatin had no influence on the quality of the p3D reconstruction (Fig. 6(B) ).
CytOx staining
The transmission light scans of the CytOx stained sections show that enzymatic reactivity is expressed in all section compartments, but no reactivity products can be seen inside the lumen of vessels. The quality of the CytOx staining seemed not to be affected by the vascular cast or the avoidance of drying the sections. The previously described patterns of CytOx density in the supragranular, granular and infragranular layers, as well as the patches of increased density in layer 2/3 of V1 and the larger enzymatic compartments in V2 were all observed in our preparations. Due to the differences in CytOx density between V1 and V2 the borderline between these areas is clearly visible. The vessel lumina are clearly visible and even small arterioles and venules up to a diameter of 10 m can be observed (see also Fig. 5(C) ). Although capillary structures can only be seen in FITC signal images, the CytOx staining maintains additional vascular details, that compensate for the dropouts of gelatin, or FITC signal loss due to bleaching.
FITC signal in vascular lumen casts
The FITC signal seen in the CytOx stained sections was only slightly affected by the density of the enzymatic product. Capillary structures can be seen widely throughout all histological sections (Fig. 7(B) ). In regions of strong CytOx reactivity we observe a reduction in FITC signal strength which affects the visibility of the capillary net but did not obscure larger vessel structures. In cases in which the post fixation time was shorter we observed higher dropout rates of the gelatin filling than in cases of longer fixation of the blocked cortex. The gelatin drop-outs were restricted to larger vessels that were intersected by the cutting plane.
Alignment of neuroanatomical-functional data sets
Registration of FITC vessel maps to IOI vessel maps
In prealignments of IOI vessel maps and the corresponding FITC vessel maps we found only minor differences that had to be corrected by registration (see Section 2.6.3.2). We measured the size (Euclidean distance in pixels) of the displacement of landmarks of the FITC vessel maps before and after registration to the IOI vessel map. Here, we found a mean alignment error before registration of 152.89 ± 111.64 m (n = 178) in marmoset 1 and 103.79 ± 101.30 m (n = 78) in marmoset 2.
Registration of histological sections to the FITC vessel map
Figs. 5 and 6 show that the vascular segments in the CytOxstained sections in addition to the vessel segments revealed by the FITC signal in the same sections, offer a large number of landmarks that enable a precise registration of small section compartments to the dense vascular details of the FITC vessel map. By using branching points, vessel crossing points and other characteristics of the vascular segments that are distributed along the border regions of the sections, a dense formation of registration points is obtained, that can be used to correct for distortions of the tissue without the need of dye injections, lesions or the registration via descending vessel cross sections. At points in the FITC vessel map where vessels that run parallel over the surface descend into the depth of the tissue or where a descending branch originates from a surface vessel, we observe an increase of the signal with a faint coronal glow around the sharply seen superficial endpoint or branching point. It results from the relatively large volume of labeled gelatin per surface area that extends through the entire focal depth of the objective (Figs. 4(A) and 7(D) ). Similar "glow"-points can also be found in the IOI vessel maps under red light conditions but they show a less prominent appearance. Such points can be of some use in alignment but they constitute some danger for misalignments because they are not necessarily centered on the endpoints of vessels but can be displaced slightly.
To calculate the statistical error of the alignment before registration, we measured the Euclidean distance (in pixels) between the coordinates of each registration point of the uppermost sections (5 sections in Marmoset 1; 6 sections in Marmoset 2) and the coordinates of its counterpart of the FITC vessel map. This distance represents the size of the displacement of a vascular landmark from its origin. We find a mean error of 360.03 ± 286.77 m (n = 951) in marmoset 1 and 161.10 ± 118.84 m (n = 556) in marmoset 2. In both cases the sections used for these measurements covered a region of 60-80 cm 2 of the cortical surface.
P3D reconstruction
By the rearrangement of the registered section images into a single stack (sorted in hierarchical order) an accurate p3D reconstruction of the imaged areas is obtained (Fig. 6(B and D) ). The stacking enables a fast visualization of single sections or a collection of sections, and thereby facilitates the comparison to functional maps and the visualization of spatial relations. Such a reconstruction maintains information about the arrangement of cortical layers, vasculature and cortical columns in space. In addition it preserves the original shape of the sectioned part of the cortex. The maintenance of the shape in the p3D reconstruction makes this approach also particularly suitable for the alignment of histologi-cal sections to volumetric datasets of tomographic imaging systems as MRI or CT.
Radial orientation of cortical structures
The FITC signal within the p3D reconstructions exhibits a linear displacement of the descending vessel cross sections to their origin in the top view (Fig. 7) . We find smaller range displacements in areas of low cortical curvature (relative to the orientation of the imaging plane) and bigger shift ranges within regions of strong folding of the cortical plane. The correlation to cortical curvature and the linear arrangement suggests that these shifts are due to angular tilt of the radial vessels relative to the image plane (reflecting the natural radial orientation within the cortex) rather than alignment errors. We observe similar radial displacements also within the prealigned section stacks. Within the central region of the corresponding optical recordings we measure a mean displacement of cross sections of 33.96 ± 13.17 m (n = 570) in marmoset 1 and 48.01 ± 12.67 m (n = 530) in marmoset 2. Calculations were done measuring the pixel distance of neighboring cross sections within the uppermost 4 supragranular sections (Fig. 7(C and D) ). Only cross sections that could be clearly identified to belong to a distinct vertical vessel were taken into account. Center distances that exceeded 100 m were regarded as false correlation and were therefore neglected. In some cases we found radial vessels within the p3D reconstruction that ramified within the lower supragranular layers. The branches of these vessels spread from the point of ramification into different directions. When cross sections of descending vessels are used for alignment, such ramifications constitute a danger to its accuracy by contributing to the general dislocation error.
Discussion
Aim of the study and comparison to other alignment approaches
A range of different alignment approaches has been used in the past to assign functional signals to the underlying cortical architecture. In terms of alignment optical imaging studies can be roughly divided into two groups: invasive and noninvasive studies. The first group uses extrinsic markers to support the alignment of intrinsic signals to anatomical structures revealed in histological stains. The noninvasive approach makes use of the cortical vasculature to assign the recorded signals. Each of these techniques bears its own methodological advantages and restrictions, and care has to be taken by the experimenter in planning experiments to choose the proper alignment methodology that fits the needs of the later data analysis.
This report aims at providing a recommendation for a new methodological approach that extends the catalog of noninvasive alignment methods and offers a new protocol for large area alignments as required, for example, in studies where the topology of functional OI signals and CytOx densities are compared over large cortical regions. A quantitative comparison of the accuracies in terms of error sizes achieved by the different approaches is not given here. However, we present an error measurement which indicates the accuracy achieved by the presented approach and which offers a description of the advantage of the new protocol compared to other noninvasive linear alignment techniques. We additionally provide a detailed discussion and supplementary material about the advantages this new approach offers compared to invasive approaches and which make it a valuable tool for combined functional anatomical investigations.
Invasive alignment approaches as penetrations of the tissue with electrodes for physiological recordings (Arieli and Grinvald, 2002; Niessing et al., 2003) , dye injections/markers (Bartfeld and Grinvald, 1992; Lu and Roe, 2008; Malach et al., 1994) or the application of lesion marks (Bartfeld and Grinvald, 1992; Landisman and Ts'o, 2002) allow rather local assignments restricted to the vicinity of the penetrations. Several marks are necessary for alignment of large cortical regions. In most cases known to us the extrinsic markers are applied after perfusion. Thus they help to align deeper layer sections to a superficial layer section or to other sections, but these late landmarks do not provide a direct support for the alignment of the functional data to the sections as it is the case in the presented approach.
In addition, in previous experiments we often experienced complications induced by using these methods. In particular, we observed a strong effect of in vivo-as well as post mortem electrode penetrations or electrolytic lesions on the CytOx reactivity of the surrounding tissue (see supplementary Figs. 3 and 4) . Thus the correlation of physiological signals to the faint CytOx blob pattern was compromised. Blood leaking into electrode tracks caused by disruptions of cortical vessels due to the electrode penetrations led to similar problems (supplementary Fig. 5) .
In noninvasive alignments where no extrinsic markers are used distortions of the tissue during histological preparation are commonly counteracted by linear transformations (e.g. Kaskan et al., 2007) of the histological images, based on the positions of vessel cross sections in the histological sections and vessel end points of the superficial vessel pattern. No study known to us presented an error measurement on the accuracy of this kind of alignment. Only one study makes mention of the error that is assumed to occur due to the shift of cross sections of radial vessels with increasing depth (Roe et al., 2005) . There the positional displacement between a superficial landmark and its deeper layer counterpart (at a depth of 300 m) is stated to be expected smaller than 50 m.
The ongoing controversy about the accuracy of such functional anatomical studies (Adams and Horton, 2009; Lu and Roe, 2008; Polimeni et al., 2005; Sincich and Horton, 2005; Xiao et al., 2007) and the. "vexing problem of alignment". (Adams and Horton, 2009 ) motivated us to revise the methodology of noninvasive alignments of functional data to histological stains in particular to stains for CytOx reactivity. By quantifying the dislocation errors induced by tissue distortions in an individual preparation we are able to draw conclusions from the size of the dislocations on the accuracy that would have been achieved by using the standard linear alignment approach. However, it is important to keep in mind that these findings are specific for the presented experimental conditions and that alignments done in flatmounted cortices or cortices with less curvature (e.g. operculum of visual cortex in macaque monkeys) or other cortical regions which show a different amount of gyrification might lead to diverging dislocation values.
Here, we demonstrate that by adding two processing steps to the standard alignment protocol, which are: the filling of the cortical surface vasculature with fluorescence-labeled gelatin and the implementation of non-linear registration algorithms, noninvasive alignments of functional and anatomical datasets taken from large cortical areas can be achieved with a high level of precision and with the possibility to alleviate the influence of cortical curvature on alignment accuracy.
The new protocol not only enables to counteract distortions of the histological tissue but in addition it facilitates investigation of the influence of the cortical curvature on the topology of functional signals. The 3D reconstruction of the cortical architecture enables an accurate estimation of the axial tilt of functional columns and thus it compensates for displacements of superficial vessel structures and functional or histological signals from deeper layers (see Section 4.3).
In a study by Berwick et al. (2008) , good alignment is achieved between optical imaging maps and anatomical preparations of the barrel field of the rat, by way of vascular labeling with a pho-tographic emulsion. The gelatin filling technique used here has the advantage of upholding the lumen of the vasculature in an in vivo like state which is important for 3D reconstructions of cortical regions. In addition, the gelatin is transparent and almost invisible in transmission light microscopy and thus does not influence the signal quality of the CytOx stain (supplementary Fig. 6 ). Using standard fluorescence microscopy or confocal microscopy the homogeneous fluorescence labeling of the gelatin can be imaged independently of the CytOx staining. Thus this method is suitable for 3D reconstructions of the capillary bed and could therefore also be used to facilitate correlations between vascular densities of anatomical structures (e.g. CytOx blobs; see Keller et al., 2011) and functional signals (see also Berwick et al., 2008) . Further, we see no reason that the presented protocol could not be used in combination with standard techniques for single cells labeling and 3D cell reconstructions (e.g. biocytin-avidin stains: Horikawa and Armstrong, 1988 ; see also Oberlaender et al., 2007;  or biotinylated dextran amines: Reiner et al., 2000; or lipophilic carbocyanines: Godement et al., 1987) or immunoreactive stains by using multichannel fluorescence data acquisition and therefore offers the potential for investigations of the neurovascular coupling at a fine spatial scale.
Vasculature as a basis for nonlinear registration
We are aware of the fact that the nonlinear registration of images might be a precarious methodological approach for the correction of systematic errors. However, in view of the large range of the alignment error (∼160 to 360 m) that is shown in this study for the standard linear approach, a methodological refinement appears reasonable. In our approach the registration is fundamentally based on a detailed template of the superficial blood vessel pattern of the imaged part of the cortex in form of the FITC vessel map. This template offers an unmatched topological richness for alignments. ". . .40% of the cortical surface is covered by blood vessels larger than 50 m" (Mc Loughlin and Blasdel, 1998) and the resolution of the FITC vessel map as well as the resolution of the images of the histological sections extends this richness of detail to the capillary level. This then allows us to correct distortions of the sections on a well-founded basis and thus to do a secured reconstruction of their shape, by which a precise p3D reconstruction is enabled. The additional details in the blood vessel patterns of the FITC vessel map and the dense distribution of radial vessels provide a high number of noninvasive natural registration points at a fine spatial scale (e.g. radial vessel density: 23.6 and 28.2 vessels/mm 2 in macaque and squirrel monkeys respectively, see Keller et al., 2011) that easily outnumbers the number of extrinsic markers usually used in invasive approaches (see Section 3 of Roe et al., 2005) . In top views of the 3D reconstructions one can see a linear arrangement of vessel cross sections that belong to the same superficial origin (see Fig. 7(B-D) ). This linear arrangement provides an instant indication for the accurate correction of the distortions since under uncorrected alignments lack this strictly ordered arrangement. This technique makes it therefore possible to study correlations between the cortical architecture and functional signals, using the full repertoire of histological techniques, from vascular pattern down to interneuron subtypes, in a manner which preserves as faithfully as possible the native orientation and disposition of the cortical columns and tissue in general. To our knowledge this is the first time that the tilt of radial vessels and functional columns as a function of cortical curvature is described in such a context.
Beyond that, we think that our methodological approach carries the outstanding potential for the alignment of fully reconstructed hemispheres or even entire cortices of small animals to volumetric datasets of the same brain recorded by ultra high field MRI or CT.
Displacement error
A general error size for the reported phenomenon of structural dislocation and its function of depth within alignments to functional maps can hardly be defined, due to the fact that its size depends on several criteria in the individual animal, such as the cortical curvature and its changes within the region of interest, the axial orientation of columnar structures and radial vessels that might not necessarily be oriented strictly orthogonal to the cortical plane as well as the accuracy of the alignment itself. The latter one in particular depends on the precise parallel fit of the functional imaging plane, the FITC vessel map acquisition plane and the cutting plane (see schematic drawing in Fig. 1(A) ). However the methodological approach demonstrated here, allows quantifying such errors within each individual case at a high level of accuracy. The p3D reconstruction of the vascular network makes it possible to determine the radial tilt of vessels. Thus the specific dislocation value at a given location within the investigated cortical region can be determined.
First of all this results in a higher control over the shift in the positions of superficial registration points and their deeper layer counterparts. In addition, it allows to make an assumption on the progression of a functional column (e.g. a color blob) within the cortical tissue which should theoretically resemble the progression of a radial vessel at the same location.
For example, the faint CytOx pattern of the supragranular layers 2/3 usually exhibits best contrast within lower layer 3 at a depth of about 400-600 m (Weber et al., 2008) and therefore urge experimenters to resort to sections from that depth, at the same time increasing the dislocation error to a size that is nearly the size of the CytOx-blob diameter of 150 × 200 m (Horton and Hubel, 1981) . Landisman and Ts'o (2002) (see their Fig. 7) show disconformities in shape and position (displacement error of ∼200 m) between functionally imaged color blobs (Lu and Roe, 2008) and their histochemically stained counterpart, that might be partially explained by our findings.
Regarding the alignment of functional columns we think that this method is particularly interesting for studies using optical imaging to investigate the neurovascular coupling at a submillimeter scale down to capillary scale.
